It has been reported that supersonic molecular beam injection (SMBI) is an effective means of edge localized mode (ELM) mitigation. This paper newly reports the changes in the ELM, plasma profiles, and fluctuation characteristics during ELM mitigation by SMBI in Korea Superconducting Tokamak Advanced Research. During the mitigated ELM phase, the ELM frequency increased by a factor of 2-3 and the ELM size, which was estimated from the D a amplitude, the fractional changes in the plasma-stored energy and the line-averaged electron density, and divertor heat flux during an ELM burst, decreased by a factor of 0.34-0.43. Reductions in the electron and ion temperatures rather than in the electron density were observed during the mitigated ELM phase. In the natural ELM phase, frequency chirping of the plasma fluctuations was observed before the ELM bursts; however, the ELM bursts occurred without changes in the plasma fluctuation frequency in the mitigated ELM phase. V C 2015 AIP Publishing LLC.
I. INTRODUCTION
The H-mode is an improved confinement mode in magnetically confined plasmas and is characterized by an edge transport barrier (ETB) and ELMs. 1 ELMs are well known phenomena in which particles and plasma energy are quasiperiodically ejected from the plasma edge. 2 Since the large heat loads produced by ELMs can cause rapid erosion of plasma-facing components and divertors, 3 ELM control, i.e., ELM mitigation or suppression, is an important issue for the International Thermonuclear Experimental Reactor (ITER) and future commercial fusion reactors. During the last couple of decades, several techniques, such as resonant magnetic perturbation (RMP), 4 ,5 pellet injection, 6 and impurity gas seeding, 7 have been developed for ELM mitigation or suppression in tokamak devices. In Korea Superconducting Tokamak Advanced Research (KSTAR) and HL-2A, ELM mitigation by supersonic molecular beam injection (SMBI) has been successfully demonstrated. 8, 9 SMBI 10 is one of the fuelling methods that can achieve deeper penetration of neutral particles into plasmas than is possible with the conventional gas-puffing, and has been utilized for fuelling efficiency studies 11, 12 and ELM mitigation. Since SMBI is a simple means of controlling ELM via cold gas injection to the plasma, its system is much simpler than an RMP coil system or a pellet injection system, so SMBI system would not pose critical technical issues. SMBI can also be utilized for low-cost fuelling, as well as for ELM control in fusion reactors. The downside of SMBI is the plasma confinement degradation due to the cold neutral gas injection.
In the previous study on KSTAR, ELM mitigation by SMBI demonstrated the following characteristics: (1) an increase in ELM frequency, f ELM , by 2-3.5 times; (2) a decrease in D a amplitude; (3) 0.2-0.4 s of SMBI influence time; and (4) an increased level of transport and fluctuation in the high frequency components after SMBI in the pedestal region. 8, 9 After SMBI, the line-averaged electron density, n e , increased by about 10% as shown in Fig. 2 , thus, it is necessary to investigate how the increase in electron density, n e , affects the ELM characteristics. Since SMBI involves the injection of a cold neutral gas, the important issues to be addressed are the change in global plasma parameters, divertor heat flux, q div , and pedestal plasma profiles, particularly n e , and the ion and electron temperatures, T i and T e , respectively, which are critical to understanding the mechanism of ELM mitigation by SMBI. In this paper, we report the effect of SMBI on the ELM mitigation and the change in q div and the pedestal profiles during ELM mitigation by SMBI. Since plasma fluctuation measurements are helpful for discussing the ELM characteristics, plasma fluctuation measurements are presented herein as well.
This paper consists of five sections. In Section II, the experimental setup is described. Experimental results including the characteristics of ELM mitigation by SMBI, pedestal profiles, and fluctuation measurements are presented in Section III. Extensive discussion is provided in Section IV, and a summary follows in Section V. Figure 1(a) shows the heating and diagnostics systems available in KSTAR. KSTAR is a superconducting tokamak whose main parameters are described in Ref. 13 . In KSTAR, H-mode discharges can typically be achieved by neutral beam injection (NBI), whose maximum injection power is 3.5 MW.
II. EXPERIMENTAL SETUP
14 The toroidal rotation velocity (v t ) and T i are measured using a charge exchange spectroscopy (CES) system. 15 Thomson scattering (TS) 16 diagnostic system performs n e and T e measurements, and T e measurement is also acquired using an electron cyclotron emission (ECE) diagnostics system. 17 For plasma fluctuation measurements, a beam emission spectroscopy (BES) 18 system and multipurpose soft X-ray (SXR) arrays 19 with absolute extreme ultra-violet (AXUV) photodiode (AXUV-16ELG) detectors are available. The multi-purpose SXR array system has three kinds of filters: a couple of Be foils, a pair of Ar Ross filters, 20 and a blank opening (referred to as an AXUV bolometer mode). One of the visible filterscopes 21 measures the D a emission, which was utilized as an indicator of ELM detection in this study. The plasma-stored energy (W dia ) is measured by a diamagnetic loop. 22 Other diagnostic systems are shown in Fig. 1(a) . Post-discharge equilibrium reconstruction by an equilibrium fitting (EFIT) code 23 is implemented to calculate the plasma flux surfaces. The SMBI system is installed at the median C-port of KSTAR and the deuterium gas pressure can be changed from 0.4 MPa to 2.2 MPa. 24 Figure 1(b) shows the number of neutral particles injected by SMBI as a function of SMBI pulse length during the 2013 and 2014 KSTAR campaigns, with an injection pressure of 1 MPa and an injection gas temperature of 105 K after cooling. 25 The injected particle number linearly increases with the SMBI pulse length. In this study, the SMBI was applied with a pressure and pulse length of 1 MPa and 8 ms, respectively. The number of neutral particles injected by a single SMBI pulse was estimated to be about 3 Â 10 20 , and the averaged particle throughput was approximately 3.8 Â 10 22 s
À1
.
III. EXPERIMENTAL RESULTS

A. Typical time evolutions of plasma parameters
The experimental conditions were as follows: a toroidal magnetic field B T ¼ 2.5 T, elongation j $ 1.6, major radius R $ 1.8 m, and minor radius a $ 0.43-0.45 m. Figure 2 shows the time evolutions of (a) the plasma current I p , (b) n e , (c) W dia , (d) the D a emission intensity, (e) the NBI power P NBI , and (f) the SMBI sequence signal during the discharge #10795. The plasma current was about 0.4 MA during the time of interest. Two neutral beams were injected with a total power of approximately 3.0 MW. The ELM frequency was evaluated to be the reciprocal of the time interval between the two peaks of the D a emission intensity that accompany the abrupt changes in n e due to ELM bursts. The SMBI was applied at 5.5 s as shown by the green dashed line in Fig.  2(f) . During the plasma start-up phase, the number of neutral particles introduced by conventional gas puffing at the midplane and the corresponding gas fuelling rate were approximately 8.1 Â 10 20 and 5.5 Â 10 20 s
À1
, respectively. SMBI injects fewer particles, but the averaged particle throughput was larger as its short pulse duration compared with the conventional gas puffing in the plasma start-up phase. Although the throughput of neutral particles by SMBI is large, the penetration of neutral particles into the plasma core is expected to be small in general due to the high pressure gradient at the plasma edge. before the SMBI, and rapidly increases by 10% (up to 2.3 Â 10 19 m
À3
) after the SMBI. The line-averaged electron density gradually decreases to 2.1 Â 10 19 m À3 during the mitigated ELM phase. The plasma-stored energy decreases by about 15% from 200 kJ to 170 kJ just after SMBI and then increases up to 190 kJ. The NBI modulation was also performed to conduct CES measurement at the same time. The reduction of W dia was less than 5% due to the NBI modulation in this discharge; however, the NBI modulation did not change the ELM characteristics.
In the natural ELM phase (t < 5.5 s in Fig. 2 ), the timeaveraged f ELM is approximately 80 Hz. After the SMBI, the time-averaged f ELM increases to about 210 Hz, and reductions in both the amplitude and the time interval of the D a emissions were observed (5.5 s < t < 5.73 s in Fig. 2(d) ). Since the D a emission intensity does not reveal the ELM size itself, we investigated the fractional changes in n e (D n e / n e ), W dia (DW dia /W dia ), and q div to estimate the ELM size. Figure 3 shows the magnetic flux surfaces in the natural ($5.4 s) and the mitigated ($5.6 s) ELM phases and the location of the divertor probe, which was used for the analysis of q div . The divertor probe was located near strike points in both phases, thus we can estimate q div by ELM bursts. , and 4(h)) correspond to the natural mitigated ELM phases, respectively. In the mitigated ELM phase, D n e / n e and DW dia /W dia are significantly smaller than they are in the natural ELM phase. Figure 5 shows DW dia /W dia as a function of D n e / n e during a single ELM burst. In the natural ELM phase, the average D n e / n e and DW dia /W dia by a single ELM burst are 4.4% (2.7%-5.2%) and 6.5% (5.2%-8.3%), respectively, while in the mitigated ELM phase D n e / n e and DW dia /W dia decrease to $1.9% (1.2%-3.3%) and $2.7% (1.3%-4.2%), respectively. The reduction ratios of D n e / n e and DW dia /W dia between those two phases are approximately 2.3 and 2.4, respectively. The divertor heat flux was evaluated by q div / T e C div using the divertor probe measurement. Here C div and T e are the particle flux and the electron temperature obtained from the divertor probe measurements, respectively. The details of the q div analysis are described in Ref. 26 . The peak q div caused by ELM bursts, q peak , notably decreased during the mitigated ELM phase. The average q peak was reduced from 13.5 MW/m 2 in the natural ELM phase to 4.6 MW/m 2 in the mitigated ELM phase, yielding a reduction ratio of q peak of approximately 2.9. These experimental results, which show an increase in f ELM and reductions in the D a emission intensity, D n e / n e , DW dia /W dia , and q div , provide a strong indication of ELM mitigation by SMBI. It is noted that DW dia Â f ELM remains more or less constant in both ELM phases. The influence time of SMBI, s I , on ELM mitigation is determined by the change in f ELM , D a emission intensity, D n e / n e , DW dia / W dia , and q div , and it was determined to be approximately 0.23 s as shown in Fig. 2(d) . After s I (t > 5.73 s in Fig. 2 ), large ELMs appear again and f ELM gradually decreases. Figure 6 shows the time evolution of T e measured by ECE near the plasma edge (R $ 2.15 m). During the natural ELM phase, T e linearly increases during inter-ELMs and rapidly drops during the ELM bursts, which occur at T e $ 1.3 keV. During the mitigated ELM phase, T e is approximately 1.0 keV and the T e variation caused by the ELM bursts is smaller than that in the natural ELM phase. After the mitigated ELM phase (t > 5.73 s), T e remains at about 1.0 keV.
B. Change in plasma profiles during ELM mitigation by SMBI
The plasma profiles in the natural (t ¼ 5.3-5.4 s, red region) and the mitigated (t ¼ 5.65-5.7 s, blue region) ELM phases are compared in Fig. 2 . It should be noted that t $ 5.65 s is after the transient change in n e but is within s I . Discussion of the rapid profile changes that occur immediately after SMBI is left as a future work. Figures 7(a) and 7(c) show the radial profiles of n e and T e , respectively, during the natural (averaged during t ¼ 5.3-5.4 s) and mitigated (averaged during t ¼ 5.65-5.7 s) ELM phases. The red and blue symbols correspond to the natural and mitigated ELM phases, respectively. Here, n e was measured by TS, and T e was measured by both TS (closed circles) and ECE (open circles). The time integration used for both TS and ECE was 50 ms. The edge profiles were fitted with a modified tanh function, 27 and are plotted as solid curves in Fig. 7 The edge profiles were also fitted using a modified tanh function. Both T i and v t decrease from the pedestal region. At the pedestal top, both T i and v t drop by 30% during the mitigated ELM phase. In KSTAR, the Mach number, which is the ratio of v t to the thermal speed, is typically 0.5-0.8 at the plasma core. 28, 29 The Mach number in KSTAR is higher than that in JET, which is less than 0.65. 30 It is speculated that the large toroidal rotation may be related to the low level of intrinsic error field compared to other tokamaks. Details of low intrinsic error field are described in Ref. 31 . After SMBI, the reductions in T e , T i , and v t are more apparent than the change in n e at the plasma edge, which strongly indicates that SMBI mainly contributes to the reductions of T e and T i rather than that of n e at the plasma edge.
C. Fluctuation measurement
In some discharges, ELM precursor-like fluctuations were observed. 
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intensity, (f) f ELM estimated from the D a emission intensity, (g) P NBI , and (h) the SMBI sequence signal, where ELM precursor-like fluctuations are observed during the discharge of #9082. B T and I p were 2.3 T and 0.5 MA, respectively.
The injected neutral beam power was approximately 2.4 MW, and the SMBI was applied at 5.5 s, as shown by the green dashed line in Fig. 8(h) . Similar to the aforementioned case, ELM mitigation was also obtained after the SMBI by showing an increase in f ELM by a factor of 2-3 and reductions in the D a emission intensity, D n e / n e , and DW dia /W dia by factors of 1/2-1/3. Edge localized mode mitigation is also obtained after SMBI and s I was 0.3 s for this case. Although the discharge condition is different from shot #10795, the decrease of D n e / n e , and DW dia /W dia and the increase of f ELM after SMBI were consistently observed in shot #9082. A statistical study of the above parameters including the divertor heat flux under various discharge conditions will be helpful for thorough understanding of the characteristics of ELM mitigation by SMBI, which will be performed in the following campaigns.
Figures 9(a) and 9(d) show the plasma radiation measured by the multi-purpose SXR array diagnostics in the AXUV-bolometer mode during the natural and mitigated ELM phases, respectively. Figures 9(c) and 9(f) are expanded plots of Figs. 9(a) and 9(d) during t ¼ 5.268-5.269 s and t ¼ 5.676-5.677 s in the natural and mitigated ELM phases, respectively. We analyzed the AXUV-bolometer signal whose line of sight passed through the plasma edge (indicated by the thick red line in Fig. 9(g) ). As shown in Figs. 9(c) and 9(f), the coherent fluctuations exist observed before the ELM bursts. Figures 9(b) and 9 (e) present the spectrograms of the plasma fluctuation measured using the AXUV-bolometer during the natural and mitigated ELM phases, respectively. In the natural ELM phase, plasma fluctuations appear after just 1-2 ms of ELM bursts, and their frequencies (f peak ) are in the range from 25 kHz to 30 kHz, as shown in Fig. 9(b) . In the inter-ELMs, f peak decreases to 18 kHz and is not changed by the next ELM burst. The fluctuation intensity slightly increases from the generation until the extinction of the fluctuation. These fluctuations continue for about 10 ms. During the mitigated ELM phase, plasma fluctuations also appear within about 1 ms of the ELM bursts with f peak ¼ 25-30 kHz, but these fluctuations remain for a few milliseconds due to the high f ELM . The frequency and intensity of the plasma fluctuations do not change during the inter-ELMs. Figure 10 shows the power spectra during the plasma fluctuation phases for the natural (t $ 5.264 s) and mitigated (t $ 5.6764 s) ELM phases, whose time windows are marked by red and blue bars, respectively, in Figs. 9(a) and 9(d). The peaks of the power spectra were observed at f $ 22 kHz and 30 kHz in the natural and mitigated ELM phases, respectively. Although the fluctuation intensity in the mitigated ELM phase is smaller than that in the natural ELM phase, no significant differences between the natural and mitigated ELM phases were observed for other frequency ranges. Figure 11 (a) shows the time evolutions of the plasma radiation measured using the AXUV-bolometer, whose line of sight is described in Fig. 9(g) , its spectrogram, and f peak . In the natural ELM phase, plasma fluctuations with an f peak at 25-30 kHz appear 1-2 ms after the ELM bursts, and f peak drops to 18 kHz before the next ELM bursts. On the other hand, although plasma fluctuations also appear with f peak ¼ 25-30 kHz in the mitigated ELM phase, the ELM bursts occur immediately within 2-3 ms. The characteristic of f peak chirping was observed when the NBIs were turned off (t $ 5.60-5.62 s) and after the mitigated ELM phase (t > 5.8 s). Figure 11(b) shows the time traces of f peak before the ELM bursts. Here t ¼ 0 s represents the time of an ELM burst, as estimated by the AXUV-bolometer measurement. In the natural ELM phase, f peak remains at 25-30 kHz for 2-3 ms after the generation of the fluctuation and decreases to 18 kHz within 2-3 ms of the ELM bursts. In contrast, the ELM bursts occur within 2-3 ms, so that f peak chirping is not observed in the mitigated ELM phase. This experimental result suggests that the ELM bursts occur before the f peak chirping during the mitigated ELM phase, thus ELM bursts during the mitigated ELM phase occur earlier than those during the natural ELM phase.
The fluctuation measured by the AXUV-bolometer is a combination of n e and T e fluctuations. Since continuum radiation from the plasma, such as bremsstrahlung and recombination radiation, is proportional to n e 2 , n e fluctuation would be dominant for the emission measured using the AXUVbolometer. We will perform further analysis on plasma fluctuation by comparing BES and ECEI measurements in the future.
IV. DISCUSSIONS
To discuss the effect of n e on f ELM , we investigated the change in f ELM with gradually increasing n e by using conventional gas-puffing. Figures 12(a) and 12(b) show the time evolutions of n e and the D a emission intensity, respectively, during conventional divertor gas-puffing. The divertor gaspuffing was implemented from 4 s to 7 s, and brought about a gradual increase in n e (from 3. ). The number of neutral particles injected during the divertor . 25 The particle throughput of SMBI is 10 times greater than the gas fuelling rate of divertor gas-puffing due to short pulse length of SMBI. In contrast to SMBI, f ELM slightly increased by less than about 10%, with continuous conventional divertor gas-puffing as shown in Fig.  12 (c), but we did not see a significant change in the D a intensity. Figure 12 (c) shows f ELM as a function of n e when SMBI (#9081-#9084) and conventional divertor gas-puffing (#11121) were employed. The change in f ELM with increasing in n e or the conventional gas-puffing is only 8%-15%. On the other hand, f ELM significantly increases (f ELM SMBI /f ELM 0 ¼ 2.0-3.1) during the mitigated ELM phase. This result suggests that using SMBI more effectively changes in f ELM than does increasing of n e or using conventional gas-puffing.
Although T e is still smaller in the mitigated ELM phase than it is during the natural ELM phase after s I as shown in Figs. 6 and 8(d) , n e returns to its level during the natural ELM phase after s I . Other plasma parameters, namely, R, a, and q 95 , did not differ between the two phases; thus, the pedestal collisionality after the mitigated ELM phase may be still larger than that in the natural ELM phase. Furthermore, the fluctuation characteristics during inter-ELMs do not change in the mitigated ELM phase as described in Section III C. These results suggest that the ELM mitigation by SMBI may not be due to a change in the ELM type, i.e., type-II ELM regime, which results from the increase in collisionality. However, analysis with an absolutely calibrated TS measurement is necessary for more definitive statements on the observed ELM characteristics and the change of ELM type. This analysis will be performed in our future work.
In contrast to the behavior of #10795 shown in Fig. 2 , we did not observe any reduction in W dia after SMBI as one of the examples is shown in Fig. 8 . Figure 13 shows the time evolution of W dia before and after SMBI for discharges, #9081-#9084. Despite the injection of cold neutral gas by SMBI, W dia remains constant after the injection event at t ¼ 5.5 s. W dia only varies with the NBI power modulation (at t ¼ 5.4 s, 5.6 s, and 5.8 s in Fig. 8 ). This result suggests that ELM mitigation can be achieved by SMBI without significant confinement degradation. In contrast to the discharge described in Section II, significant confinement degradation was not observed after SMBI. Although it is difficult to directly compare these results with previous studies since magnetic geometry, I p , and plasma heating power were different and the confinement properties may be changed after SMBI, 9 there are several viable interpretations of the change in global confinement degradation. The pedestal parameters, i.e., the density and temperature, and the magnetic geometry can be key factors that affect particle deposition by SMBI, the transport characteristics, and particle recycling at the plasma edge. Therefore, a statistical study of the effects of the above parameters on the change in global confinement by SMBI is necessary with TS measurement data and will be addressed in future work. The pedestal collisionality may have an important consequence for ELM mitigation by SMBI. The pedestal collisionality in this study is expected to be relatively larger than that in ITER and future fusion reactors. This effect of SMBI on ELM mitigation in lower collisional plasmas relevant to ITER or fusion reactors should be also investigated.
V. SUMMARY
In this paper, an experimental study on the ELM and pedestal characteristics during ELM mitigation by SMBI in KSTAR was reported. During ELM mitigation by SMBI, f ELM increased by a factor of 2-3 and the ELM size, i.e., q div , decreased by a factor of 0.34-0.43 when the experimental conditions were B T ¼ 2.5 T, I p ¼ 0.4 MA, and j $ 1.6. Although no dramatic change in the n e profile was not observed, T e and T i decreased by about 10%-30% in the pedestal region during the mitigated ELM phase. Based on the plasma fluctuation characteristics, the ELM bursts during the mitigated ELM phase occur earlier than those during the natural ELM phase. Our experimental results demonstrate that SMBI is significantly more effective than conventional divertor gas-puffing during discharge for increasing f ELM .
